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Abstract—Traveling wave (TW) fault location tech-
nology has been widely used in transmission systems due
to its high accuracy and simplicity. Recently, there has
been growing interest in applying this technology to me-
dium voltage (MV) distribution lines. However, current
practices in its deployment, signal measurement, and
threshold setting are usually from the application expe-
riences in transmission lines, despite significant differ-
ences in fault-induced wave characteristics between
transmission and distribution systems. To address these
issues, this paper investigates the feasibility and applica-
bility of TW fault technology in MV overhead distribution

lines through characteristic analysis of fault-induced TWs.

The propagation characteristics of aerial mode and zero
mode TWs on overhead distribution lines are studied.
Furthermore, it evaluates the influence of critical distri-
bution network components including distribution
transformers, multi-branch configurations, and busbar
structures on wave propagation characteristics. Deploy-
ment strategies for traveling wave fault location (TWFL)
devices is proposed to address the unique challenges of
distribution networks, while the fault location method is
also improved. Field test results demonstrate the effec-
tiveness of the proposed methodology, showing improved
fault detection accuracy and system reliability in distri-
bution network applications. This research provides
practical implementation suggestions for TWFL tech-
nology in distribution networks.

Index Terms—Branch lines, distribution network,
overhead lines, propagation characteristics, traveling
wave based fault location.
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I. INTRODUCTION

istribution networks directly supply power to users,

hence their reliability has a direct impact on cus-
tomers. Overhead distribution lines are prone to various
faults due to the complex surroundings and changing
weather conditions. When a fault occurs in the distri-
bution network, efficiently detecting and accurately lo-
cating the fault can reduce the time required for manual
line patrols and facilitate timely repairs, which is crucial
for improving the reliability of power supply [1].

Traditional fault diagnosis methods for distribution
lines primarily rely on steady-state power frequency
components following a fault occurrence. Their main
shortcoming is that they cannot be used to determine the
distance of single-phase-to-ground faults in non-solidly
grounded (isolated or compensated) systems as the
steady-state fault current is very low (only in the range
of a few tens amperes). Moreover, these fault location
results are significantly influenced by factors such as
fault type, distribution network topology, and meas-
urement errors of instrumental transformers. As a result,
achieving accurate fault location using power frequency
components is challenging.

In contrast, traveling wave fault location (TWFL)
methods offer distinct advantages, including high ac-
curacy and simplicity in both principle and implemen-
tation. These methods have already proven their effec-
tiveness and have been widely applied in transmission
lines [2]—[5]. In addition to their high accuracy (better
than 100 m), TW-based methods offer superior relia-
bility by exploiting abundant and prominent transient
voltage signals whose magnitudes are comparable to the
nominal voltage. Recent advancements in ul-
tra-high-speed data acquisition technology, along with
cost reductions, have made the application of TWs for
fault location in MV distribution lines a prominent re-
search focus.

A preliminary investigation on the application of
TW-based fault location in distribution overhead lines is
introduced in [6], in which a novel fault location method
is proposed through integrated utilization of initial fault
current and voltage traveling wave aerial mode com-
ponents. A single-end signal expression with fault re-
sistance is deduced in [7], which verifies the applica-
bility of the electromagnetic time reversal method.
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However, these two methods lack detailed analysis of
the impacts of the heavy ground mode loss, numerous
branches and distribution transformers on magnitude
and rising time of TW surges. Reference [8] develops a
novel fault location algorithm for radial distribution
networks, employing synchronized distributed voltage
TW observers while quantitatively evaluating trans-
former impacts on aerial mode wave propagation. A
new method using distribution transformers to measure
TWs is proposed to solve the problem of obtaining TW
signals in feeders’ terminal [9]. Nevertheless, the time
delay introduced by the voltage transformer to the
measured TW signals can reach 2 ps, making it impos-
sible to guarantee fault location errors below 100 m.
Therefore, more effective measurement methods need
to be explored. The attenuation of zero mode TW
propagation in distribution lines and its influence on
fault location are investigated in [10], but the rising
speed change of zero mode signal is not considered. To
remedy this deficiency, the velocity variations of aerial
and zero mode TWs are analyzed and a two-terminal
fault location method for single-phase grounding faults,
based on the time difference of modal TW propagation,
is proposed in [11].

The time-frequency wavelet decomposition method
proposed in [12] demonstrates enhanced capability in
accurately identifying fault characteristic frequencies.
Reference [13] employs Shapelet technology to char-
acterize fault features, exhibiting clearer physical in-
terpretability compared to traditional wavelet basis
methods. Reference [14] shows that transient signals
from different paths have distinct characteristic fre-
quencies forming clusters in energy spectra. Using
wavelet-based multi-scale decomposition of voltage
signals, the method extracts frequency-band energy

distributions to build a neural network diagnostic model.

Although  wavelet transform offers excellent
time-frequency localization properties, its effectiveness
is limited by both the dispersion effect during traveling
wave propagation and the critical dependence of loca-
tion accuracy on the proper selection of wavelet bases
and decomposition scales.

Reference [15] develops a deep learning method for
traveling wave analysis using full-frequency-band com-
ponents as inputs, achieving accurate wave arrival time
detection robust to load switching and operational
changes. Additionally, the fault distance can be deter-
mined by using the amplitude ratio of different frequency
components in the zero mode surge at the measuring
point [16]. In [17], a method is proposed for selecting the
frequency band that best characterizes the zero mode
wavefront by using zero mode wave velocity character-
istics for calibrating the arrival time of TWs. Neverthe-
less, ensuring the reliability and accuracy of fault loca-
tion methods only using zero mode signal is extremely
challenging, as the zero mode loss is significantly higher
in distribution overhead lines due to the absence of
ground wires. To enhance applicability, the combination
of time-space domain and frequency domain analyses are

employed to achieve more accurate fault location results
for radial distribution networks [18]-[20]. As the above
methods do not require the calibration of the arrival time
of the TW surge, fault location errors caused by wave-
form distortion can be avoided. However, they are only
applicable to simple network configurations, as the
influences of numerous branches and transformers are
not considered. In [21], variational mode decomposition
is employed to process collected fault signals, and a
detection method for corresponding fault induced TW
surge is proposed. This method contributes to improv-
ing the time tagging accuracy of TW surges, yet it
cannot overcome the impacts of propagation attenua-
tions and variable wave velocities. In [22], a fault loca-
tion scheme is proposed using network topology in-
formation and TWs generated by circuit breaker re-
closing. However, the scheme depends on reclosing
operation, so can only be applied to the location of
permanent faults. Reference [23] proposes a travel-
ing-wave data preprocessing method based on the
sliding-window median absolute deviation approach.
By extracting morphological gradient features from the
preprocessed signals, this method achieves preliminary
screening of transient disturbances from massive
transmission line monitoring data. Reference [24] em-
ploys sparsity factors to characterize the differences in
time-frequency  energy  distribution  between
high-impedance ground faults and normal transient
disturbances, thereby establishing a detection criterion
that significantly enhances the identification capability
for high-impedance faults. A fault location method is
proposed for distribution networks based on the time
matrix of fault TWs [25]. However, the application of
the method to practical systems is challenging as it
requires a large amount of historic fault data. With the
increasing length of distribution network lines and
growing number of branch circuits, the network struc-
ture become increasingly complex. While the growing
number of monitoring points and higher sampling rates
of measurement data provide diversified data sources
and massive datasets for fault analysis and localization,
the substantial computational requirements have largely
confined intelligent algorithm-based fault localization
to theoretical and simulation studies. In addition, ma-
chine learning models for these applications typically
suffer from the small-sample problem characteristic of
power system fault scenarios [26].

The tower structure, network configuration, neutral
treatment, and voltage level of distribution overhead
lines differ significantly from those of transmission
lines. Consequently, the propagation and characteristics
of fault-induced TWs exhibit notable distinctions.
Currently, the deployment, measurement, and utiliza-
tion of TW signals, as well as the setting of triggering
thresholds for fault location devices in MV distribution
lines, largely rely on experiences from transmission line
applications. This reliance has led to issues such as fre-
quent false triggering, unsatisfactory fault location ac-
curacy, and poor reliability. Therefore, it is imperative to
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conduct in-depth studies on the impacts of propagation
losses, branches, and distribution transformers on the
amplitude and rise speed of TW surges in distribution
lines. Such studies will allow accurate quantification of
these parameters, and optimize the deployment of TW
fault location devices and the utilization of
fault-induced TW signals.

This paper investigates the propagation characteris-
tics of fault-induced TWs, taking into account factors
such as propagation distance, branch lines, and distri-
bution transformers. By analyzing the amplitude and
rising time of fault-induced TW surges, recommenda-
tions for the deployment of TW fault location devices
and the utilization of fault-induced TW signals are
presented. The proposed scheme is validated through
multi-scenario simulations and field tests on a typical
distribution network.

II. PROPAGATION CHARACTERISTICS OF TRAVELING
WAVES IN OVERHEAD DISTRIBUTION LINES

A. Frequency Domain Propagation Characteristics

The propagation characteristics of TWs in distributed
parameter lines are typically represented by the propa-
gation coefficient y, expressed as follows [10]:

7 =J(joL+R)(joC+G) (1)
where R, L, C, and G are the distributed parameters per
unit length of power line. In fact, R and L exhibit fre-
quency-dependent characteristics, meaning that their
values vary significantly at different frequencies. y can

be expressed in complex form [10]:

y=a+jp @)
where ¢ is the attenuation coefficient which reflects the
amplitude attenuation of the signal per unit length; and
p is the phase coefficient which reflects the phase
shifting of the signal after traveling one unit length. The
expression for the attenuation coefficient « is:

a=real(y) =

J%[—szC +RG + \/(a)zL2+R2 )(a)ZC2+G2)}

3)

Figure 1 illustrates the variation of the attenuation co-
efficients with frequency, obtained through digital sim-
ulation of a typical overhead distribution line and a typ-
ical transmission line using the ATP-EMTP software.
The simulations employ the frequency-dependent JMarti
model (see Appendix A). The parameters calculated by
the internal modules of EMTP software for typical lines
hold fundamental or guiding significance for forming
transient-based fault location methods [27]. From Fig. 1,
it is seen that the attenuation of aerial mode components
in both the distribution and transmission lines is rela-
tively small, with negligible difference between the two
attenuation coefficients. However, the attenuation of zero
mode components in the distribution line is significantly

higher than in the transmission line. Specifically, attenu-
ation coefficient in distribution line is 0.079 37 Np/km at
100 kHz, compared to only 0.046 10 Np/km in the
transmission line.
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Fig. 1. Attenuation coefficient variation characteristic with
frequency.
The high zero mode attenuation in overhead

distribution lines is primarily attributed to the absence of
lightning protection wires. In these lines, the zero mode
TW propagates between the three conductors and the
ground, leading to higher attenuation of the
high-frequency components of the signal. In contrast, in
transmission lines, the zero mode TW propagates mainly
between the three conductors and the lightning protection
wires, resulting in lower attenuation.
Furthermore, £ in (2) can be expressed as follows:

B =imag(y) =
\/%[a)ZLC—RG + \/(a)szJrRz)(a)zCerGz)} @

Then, the wave velocity can be calculated according to
f and the radian frequency of the signal, as:

w
=2 5
V,B (5)

Figure 2 illustrates the increase in velocity of various
modal signals in typical lines with frequency. The
velocity of all mode signals approaches a maximum
value, approximately the speed of light, when the
frequency exceeds 50 MHz. The actual frequency
components used for TW-based overhead line fault
location range from 10 kHz to 500 kHz. In practical field
engineering, the wave velocity at 50 kHz, known as the
empirical wave speed, is typically used to calculate the
distance to a fault [28]. As shown in Fig. 2, the velocity
of aerial mode signals for both transmission and
distribution lines at 50 kHz is 2.97 X 10° km/s. However,
the velocity of zero mode signals increases more slowly
with frequency and exhibits much greater variability,
particularly for the distribution line, due to higher
propagation loss in the ground return path. At 50 kHz, the
velocity of zero mode signals is 2.89X10° km/s for
transmission lines and 2.63 X 10° km/s for distribution
lines, both of which are significantly lower than the
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empirical wave speed. Therefore, only aerial mode
components are considered in transmission line fault
location practices to ensure stable and accurate
distance-to-fault results.
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Fig. 2. Wave velocity variation characteristics with frequency.

B. Time Domain Propagation Characteristics

According to fault analysis theory, fault-generated
TWs can be studied by introducing a fictitious voltage
source. This source has the same amplitude but opposite
polarity to the pre-fault voltage. At the moment of fault
inception, the voltage of the fictitious source can be
considered a DC value. The time-domain propagation
characteristics of TWs on power lines can be analyzed
by observing the changes in a step signal after it travels
a certain distance.

After a step voltage signal travels distance x along the
power line, the time-domain expression of the signal is
as follows:

u(t,x)=F[U(w)e™ | (6)
where F'is the inverse Fourier transform; and U(®) is

the frequency domain representation of the step signal.
The corresponding current TW signal is expressed as:

i(t,x)=F[U(@)e "/ Z(w) | (7)
where Z(w) is the wave impedance in frequency do-

main. The current TW signal exhibits similar propaga-
tion characteristics to voltage signals, particularly as the
wave impedance approaches a constant value. There-
fore, the TW propagation characteristics are studied by
analyzing the amplitude and rise time of voltage signals.

Figures 3 and 4 depict the actual voltage waveforms in
a typical 10 kV distribution line after a step signal has
traveled distances of 1 km, 2 km, 5 km, 10 km, and 20 km,
respectively. The rise speeds of zero mode TWs after
propagating 1 km, 5 km, and 10 km are measured as
0.85 ps, 6.40 ps, and 14.20 ps, respectively. Compara-
tively, aerial mode TWs exhibit faster signal transitions
with rise times of 0.15 ps, 0.25 ps, and 0.38 ps for the
same propagation distances. It can be observed that as
the signal travels further, its rising speed decreases, alt-
hough all waveforms eventually approach the source
voltage in their steady state. Specifically, the rising speed

of the aerial mode signal is approximately 1 ps after

propagating 20 km, whereas the rising speed of the zero

mode signal reaches 1 ps after traveling only 2 km.
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Fig. 3. Propagation characteristics of an aerial mode step signal
on the 10 kV overhead line.
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Fig. 4. Propagation characteristics of a zero mode step signal on
the 10 kV overhead line.

In contrast, Figs. 5 and 6 illustrate the actual voltage
waveforms in the 500 kV transmission line after a step
signal has traveled distances of 1 km, 5 km, 10 km, 20 km,
and 100 km, respectively. The zero mode TWs demon-
strate dispersion characteristics with rise speeds of 0.26 ps,
2.82 ps, and 7.61 ps after propagating 1 km, 5 km, and 10
km, respectively. In contrast, aerial mode TWs exhibit
significantly faster transitions, showing merely 0.15 s,
0.22 ps, and 0.24 ps rise times for the same propagation
distances. The rising speeds of the signals differ sig-
nificantly from those in the distribution line. Specifi-
cally, the rising speed of both the aerial mode and zero
mode signals reaches approximately 1 us after traveling
100 km and 3 km, respectively.
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Fig. 5. Propagation characteristics of an aerial mode step signal
on the 500 kV overhead line.
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Fig. 6. Propagation characteristics of a zero mode step signal on
the 500 kV overhead line.

The threshold for detecting the arrival of TW surges
is typically set at 15% of the peak value (0.15 p.u.)
generated by a fault, which introduces a detection time
delay, as illustrated in Fig. 7. To achieve a distance
calculation resolution better than 50 meters, the detec-
tion time delay must be less than 0.3 ps. In a simulated
typical 10 kV distribution line, after a step signal travels
26 km, the detection delay for aerial mode signals
reaches 0.3 ps. In contrast, for zero mode signals, this
delay is reached after only 4 km. Consequently, the
effective fault location distance is 26 km when using
aerial mode signals and 4 km when using zero mode
signals.
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Fig. 7. Arrival time detection of a TW surge.

TW fault location devices in transmission lines typ-
ically utilize current TWs. In transmission lines rated at
220 kV and higher, the initial current TW generated by a
fault exceeds 400 A, while the rated load current is
typically around 2000 A. This significant difference
makes it easier to extract fault-generated TW compo-
nents from the total line currents. In contrast, in 10 kV
distribution lines, the rated load current may reach 600 A,
but the initial fault-generated current TW is generally no
more than 30 A, which is only about 5% of the rated
current. To detect faults with a transition resistance
greater than 2 kQ, the triggering threshold for current
TWs should be set below 2 A. However, this threshold
is only about 0.3% of the rated current, which may lead
to frequent false triggers due to load disturbances or
other interferences. Zero mode signals, on the other
hand, are not influenced by normal load currents, al-
lowing for a lower detection threshold. Based on the
above analysis, the effective fault location distance is

less than 4 km when using zero mode signals. Therefore,
assuming there are no branch lines or transformers in
the distribution lines, the distance between two TW
fault location devices should not exceed 4 km when
relying solely on current TWs.

The maximum value of voltage TWs generated by a
fault in a distribution line is equivalent to the line’s
normal peak voltage. This characteristic can help
overcome the limitations of using current TWs. How-
ever, conventional voltage transformers (VTs) typically
have inferior TW transformation capabilities compared
to current transformers (CTs). This makes it challenging
to achieve fault location errors below 100 meters when
using voltage signals, due to the slow response of the
secondary signals of VTs.

C. Optimized Fault Location Methodology

According to the previous analysis, the fitted ampli-
tude attenuation curve per unit length for zero mode
signal propagation is shown in Fig. 8.

Amplitude (p.u.)

12 %10°

0 2 4 6 8 10
French (Hz)

Fig. 8. Fitted curve of the zero-mode signal.

The fitted amplitude formula is given as:
Am (a)) = 0.086366_1'598(0 + 0‘83026—040726&:) (8)

When the propagation distance is x km, the wavefront
arrival sequence follows the frequency-dependent dis-
persion characteristics: the highest frequency compo-
nent arrives first, followed by successively lower fre-
quency components. Consequently, the observed
wavefront at the measurement point represents the su-
perposition of all frequency components. Leveraging
this physical property, the time-frequency domain
propagation function can be decomposed into the su-
perposition of time-domain waveforms corresponding
to distinct frequency bands:

S(w,x)|, ="
S(@,%) |, 1p= e+ e
: €))
S(@,X),.155..,=¢" Ml @I e TN L e
where @, @,, -+, @, represent distinct frequency com-
ponents in descending order, and ¢, denotes the arrival

time of frequency component @, at the detection point.
Thus, the time-frequency domain representation of
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TW propagation can be derived as:
)= Ae™
S0 ;= AT + A
: (10)
FE0)],=¢ 0 f (1), + A7 =
A+ AT 4 A e 4 e

where 4,, 4,,--, A, are the amplitude components of the

initial traveling wave corresponding to distinct fre-
quencies (ordered from highest to lowest).

The functional dependence of wave propagation ve-
locity on time and distance can be mathematically ex-
pressed as:

b _ T

_ - —7ily —72Valy “7Valy 4 L ~VnValn
(t,—t)x Ae +Ae + A4e +---+4e

(11)
where 7, represents the detection threshold of the TW

device; and ¢, denotes the time delay.

Based on the variation characteristics of TW signals
before and after a fault, the accurate fault inception
point is determined by performing curve fitting on the
pre-fault and post-fault signal segments separately,
solving the intersection point of the fitted curves
through simultaneous equations, and identifying it as
the precise fault origin. This method achieves fault
location by accurately marking the zero-crossing point
of the fault-induced TW. To address significant wave-
form attenuation and distortion in TW signals, the
methodology employs wavelet decomposition to filter
out low-frequency interferences, while utilizing the
close-open difference operation (CODO) in mathemat-
ical morphology to achieve precise localization of
wavefront initiation point.

III. THE IMPACTS OF TRANSFORMERS ON TRAVELING
WAVES

A. The Impact of a Single Transformer

In MV distribution lines, a transformer connected to low
voltage (LV) loads introduces a discontinuity in wave
impedance, leading to reflections of incident TWs. When
neglecting the influence of load impedance on the sec-
ondary side, the equivalent circuit for analyzing the
propagation of TWs in transformer windings is depicted
Fig. 9 [29]. In this model, C, represents the self-capacitance

to ground per unit length of the winding, and C, denotes

the longitudinal mutual capacitance per unit length of the
winding. According to the TW analysis theory in wind-
ings, within the first 5 ps after a voltage wave arrives at
the transformer, the fluctuation process within the
windings has not developed significantly. Therefore,
during this period, the impact of a transformer winding
on an incident TW surge can be modeled using an
entrance capacitor. The capacitance of this entrance ca-
pacitor is expressed as follows [29], [30]:

Ce = COCS (12’)
}:{YYY\__/YW\_ ............ Y Y Yo
C, C, C, C, C
1L 1L . 1L 1L
L] Ll i Ll Ll
=, =C, =C, =(, =C, =, =,
"""" ile]
Fig. 9. Distributed parameter circuit model for distribution

transformer coil.

According to Petersen’s laws of TW theory, the
equivalent circuit for calculating the terminal voltage of
a transformer when an incident step TW arrives is de-
picted in Fig. 10. In this circuit, £ represents the incident
voltage TW, and Z denotes the impedance of line waves.

=L
:

Fig. 10. Transformer’s equivalent circuit diagram for TWs.

The transformer’s high-frequency response can be
approximated by an equivalent capacitance, as illus-
trated in Fig. 10. The time domain expression of the

voltage is:
L
U, = U(l —-e fj

ZC .
where 7 = 7 is the rise time constant.

(13)

For typical overhead lines, the aerial mode imped-
ance is approximately 300 Q, while the zero mode im-
pedance is around 500 Q. The typical capacitance val-
ues for both aerial mode and zero mode are approxi-
mately 1000 pF. Therefore, the time constants of the
aerial mode and zero mode are approximately 0.15 ps
and 0.25 ps, respectively.

The rise times for both the aerial mode and zero mode
voltages are 0.60 us and 1.00 ps, respectively (as shown
in Fig. 11). With the threshold at 15% of the peak value
(0.15 p.u.), the detection time delays for the aerial mode
and zero mode voltages are only 24 ns and 41 ns, re-
spectively. Therefore, the impact of a single transformer
on the detection time delay, and consequently on the
fault location result, can be considered negligible.
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Fig. 11. Impacts of transformers on modal TWs. (a) The aerial
mode voltage. (b) The zero mode voltage.

Physical tests on a distribution transformer (see Ap-
pendix B for nameplate parameters of the transformer)
were conducted to verify the conclusions from the
analysis above. The test circuit for observing the
transformer’s terminal voltage response to an aerial
mode incident TW is shown in Fig. 12. In this setup, the
lines on both sides of the transformer are simulated
using resistors, with resistance equivalent to the mag-
nitude of the aerial mode characteristic impedance.

The incident TW is simulated using a step signal,
depicted as the red waveform in Fig. 13, with the volt-
age response shown as the blue waveform. The ripples
observed in the voltage response are due to oscillations
caused by the winding inductance, which is typically
neglected in theoretical analyses of TWs in transformer
windings. The rise times of the incident voltage and the
response are 0.2 ps and 0.8 ps respectively. The time
delay between two signals is 0.6 ps, which aligns with
the conclusions from the analysis above.

30002

[ 3000

Fig. 12. Test circuit for an aerial mode incident TW.

7

—— Through a transformer
No transformer

Voltage (p.u.)
(=]
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(=]

Fig. 13. The voltage response to an aerial mode incident TW.

The voltage response to a zero mode incident TW
was tested using the circuit shown in Fig. 14. In this
setup, 500 Q resistors are used to simulate the zero
mode wave impedance. The voltage response is de-
picted as the blue waveform in Fig. 15. As seen, the rise

times of the incident voltage and response are 0.2 ps and
1.2 ps. The time delay between the two signals is 1.0 ps,
which is also consistent with the theoretical analysis
results mentioned above.

500 Q) 5000
500Q [ 5000
500 Q [ 5000
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Fig. 15. The voltage response to a zero mode incident TW.

B. The Impacts of Multiple Transformers

There are typically several transformers along dis-
tribution lines, as illustrated in Fig. 16. By modeling
each transformer with a 1000 pF entrance capacitor and
neglecting propagation losses of the lines and subse-
quent reflections between transformers, the signal
waveforms after an aerial mode step voltage passes
through 1, 2, 3, and 4 transformers are shown in Fig. 17.
With a 0.15 p.u. threshold, the resulting detection time
delays are 25 ns, 103 ns, 200 ns, and 307 ns, respec-
tively. It can be concluded that the number of trans-
formers between two TW fault location devices should
not exceed 4 when using aerial mode signals, in order to
ensure a distance calculation resolution of approxi-
mately 50 meters.

EYTES

Fig. 16. Transformers on a distribution line.
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Fig. 17. The impacts of multiple transformers to TWs.
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Through similar analysis of the impact of mul-
ti-transformers on zero mode TWs, it is found that the
number of transformers between two TWFL devices
should be more than 3 when using zero mode signals to
ensure a distance calculation resolution of approxi-
mately 50 meters.

IV. THE IMPACTS OF BRANCHES ON TRAVELING WAVE
SIGNALS

A branch in the distribution line causes attenuation of
a TW, which affects the detection delay and the arrival
time of the signal.

A. The Attenuation of a Traveling Wave Across a Branch
Joint

Figure 18 illustrates the reflected and refracted waves at
the junction of a branch, generated by an incident TW w.

u K
—_— u
—

% lk,n

[

Fig. 18. The reflection and refraction of an incident TW at the
joint of branch.

Let Z, be the impedance of the main line and Z, be

the wave impedance of the branch line. The reflected
and transmitted waves are, respectively, as follows:
"y - 2Z,/1Z,) "

= 14
" Z1Z,+Z, (14
%zaﬁg—au (15)

ZIZ,+2,

Assuming Z, is equal to Z,, the amplitude of the

refracted TW is 2/3 of the incident wave, while the
reflected wave is —1/3 of the incident wave. The voltage
of the line after branch decreases to 67%, indicating that
the branch causes 33% attenuation to the TW. Similarly,
it can be deduced that the attenuations resulted from 2, 3
and 4 branches are 55.6%, 70.4%, and 90.3%, respec-
tively. This results in the amplitude of the TW de-
creasing to less than 10% of the fault-generated initial
TWSs. Therefore, the number of branches between two
TW fault location devices should not exceed 2 to ensure
reasonable fault detection sensitivity.

B. The Impact of the Length of a Branch

As shown in Fig. 19, the refracted wave entering the
branch will reflect back and forth within the branch,
causing changes in voltage at the branch point. By ne-
glecting the line loss and the influence of the entrance
capacitor of the transformer at the other end of the branch,
the voltage at the branch point can be expressed as:

U, =kU(@)+k’U(t+27)+k’kU(t +47) +
k7k Ut +67)+:-
where U(¢) is the incident step voltage; and 7 is the

(16)

propagation time of the TW on the branch.

The waveform of the voltage at the branch point rises
in a stepwise manner, as shown in Fig. 20. It approaches
the amplitude of the incident wave after multiple re-
flections. If the length of the branch is less than 50 m,
the voltage will increase to 1.11 times the incident wave
within 0.33 ps, which is beneficial for sensitive detec-
tion of TWs. Therefore, the impact of a branch can be
neglected when its length is less than 50 m.

=

<+

| Main line [+47 1+27 ¢

Branch

1+37 I+t
Fig. 19. TW grid diagram for a branch.
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Fig. 20. Voltage at the joint of the branch.

Fault traveling waves are injected 1 km from the
branch point, and their propagation is simulated on
branch lines of varying lengths. The resulting wave-
forms at the junction are shown in Fig. 21.
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Fig. 21. Effect of branch line length on rise speed.

As shown in Table I, the amplitude reaches 91% of
the original value with a rise speed below 1 ps when no
branch line is present. With branch line lengths of 130 m,
140 m, 150 m, and 300 m, the amplitudes are attenuated
to 74%, 66%, 61%, and 61%, respectively. Under the
criterion of rise time below 1 ps, the amplitude increases
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to 89% for 100 m branch lines, which proves that branch
lines shorter than 100 m have a negligible impact on
wavefront steepness. For branch lines exceeding 150 m,
the amplitude is reduced by 33%, corresponding to 66%
of the original rise speed.

TABLEI
IMPACT OF BRANCH LINE LENGTH ON WAVEFRONT AMPLITUDE
GRADIENT (1 pus WINDOW)

Length (m) 0 50 100 110 120 130 140 150 300

Amplitude (%) 91 91 89 87 82 74 66 61 6l

V. THE IMPACTS OF BUSES ON TWS

There are usually multiple outgoing feeders in a bus
in MV distribution systems. Figure 22 depicts a con-
figuration of a bus with #n+1 outgoing feeders, where C
is the distributed capacitance at the bus.

U

«

] —>
P NS S Im
i Uy

N
-

Fig. 22. A bus in a MV distribution system.

The equivalent circuit for calculating the bus voltage
and the line current generated by an incident step volt-
age U is shown in Fig. 23, where Z is the wave imped-
ance of a line. The bus voltage can be expressed as

follows:
u (1) = iU(l —efj
1+n

ZC . .
where 7 =—— 1is a time constant.
n+l1

(7

I

u, =2U

Zin |::|J“m

Fig. 23. A bus in a MV distribution system.

It can be seen from (17) that the bus voltage rises

. . . 2
exponentially from zero to its maximum value _IU .
n+

The distributed capacitance of the bus is typically more
than 2000 pF and the number of other outgoing lines is
no less than 5. Assuming the wave impedance of the line
is 300 Q and the threshold for detecting TWs is 0.15 p.u.,
the detection delay is more than 60 ns representing less
than 9 m distance calculation error which is sufficient to
ensure fault location accuracy.

Nevertheless, the terminal impedance at a bus is
much smaller when there is one or more outgoing cable

feeders as the wave impedance of a cable feeder is
usually less than 30 Q. The terminal impedance is less
than 15 Q if there are more than two outgoing cable
feeders, and the bus voltage will be less than 10% of the
incident voltage. Therefore, the TWFL device may fail
to detect the TWs in these cases.

The expression for the current of the line is:

im(t)=——2n g[1+le7]=——2n (1+lefj1(18)
n 1+n n

1+nZ
U . . o
where [ = Z is the amplitude of the incident current TW.

Equation (18) shows that the initial line current is
twice the incident current, which is conducive to detect
incoming TWs. However, the amplitude of fault gener-
ated current TWs are generally less than 30 A. It is
challenging to balance between avoiding frequent trig-
gering of TWFL devices and high TW detection sensi-
tivity when using current signals, as described in Sec-
tion I1.B.

VI. DEPLOYMENT SCHEME AND VERIFICATIONS

A. Deployment Scheme

The TW devices (i.e., TDUs) are usually installed at
ends of a line (i.e., substations) in transmission systems.
However, due to TW surges have larger attenuation and
loss in distribution networks, TDUs need to be installed
in the middle of a distribution line for supporting ac-
curate detection of its arriving time, as a fault induced
TW surges may not reach the ends of a line with suffi-
cient magnitude. A basic rule of the deployment of
TDUs is that for any fault occurring in a distribution
overhead line the induced TW surge should be detected
reliably with an error of less than 1 ps by at least one
TDU in both directions from the fault point. Based on
the above analysis of the attenuation and rising time of
fault induced TW surges, a TDU deployment scheme in
a MV distribution overhead line is proposed as follows.

1) A TDU should be installed with the circuit breaker
in the primary substation feeding the line. The current
signals, rather than voltage signals, should be used for
detecting TW surges as low wave impedance in the bus
exits limits the magnitude of voltage signals. In addition,
the zero mode current signal is preferable for locating
ground faults, particularly for faults occurring within a
distance of 4 km.

2) The end of the trunk line and all ends of branches
should be equipped with TDUs to locate any faults in
the line within less than 100 m error. The TW voltage
signals should be used since the current signals are
generally very weak at the ends of lines. For cost saving,
TDUs may not be installed in the shorter branches
whose length is lower than a certain value, say 500 m.
However, this would sacrifice the discrimination of the
faults in the branch without TDUs.

3) For lines monitored with distribution automation
(DA) systems, it is strongly recommended that the TDU
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function is integrated with the DA-RTUs, to add an
accurate fault location function to the system at a rela-
tively low additional cost. Moreover, both voltage and
current signals can be used as DA as RTUs are typically
installed along with sectionalizing switches on the lines
where significant current and voltage surges will be
produced when a fault surge arrives.

4) To ensure reliable detection of TW surges induced
by any faults, the total number of branches and trans-
formers between two TDUs installed at both ends of a
line section should be not more than 4. This is to guar-
antee that the incident TW surges have sufficient mag-
nitude and rising time. This rule implies that TDUs shall
be installed along lines with a large number of branches
and transformers.

j€-----2 kmyr----- bﬁ ------------------ 3 km------memeeeeees

B. Simulation

To verify the feasibility of the TW device deploy-
ment and signal utilization scheme, a simulation model
is established as shown in Fig. 24. This network com-
prises three overhead lines, with lengths of 9 km, 15 km,
and 20 km, respectively. The parameters of the lines and
the transformers along the lines are given in Appendices
A and B, respectively. TDU1 and TDUS3 are installed at
the substation exit and the end of line L, respectively.
TDU2 and TDU4 are installed at both ends of the 3 km
long branch. To reduce cost, TDUs are not installed in the
three short branches whose lengths are less than 500 m. A
single-phase-to-ground fault at phase A occurs at point k2.

>

TDUI kI A
|1 10kV 10kV 500 m

Lo=15km

L;=20 km

Fig. 24. Simulation model for the deployment scheme of TDUs.

The ATP-EMTP software is used for digital simula-
tion with 0.1 us time step. The type of signals used, the
corresponding threshold and the TW time tag delay of
TDU1-TDU4 are given in Table II. Figs. 25 (a) and (b)
show the phase current waveforms of the fault TW
detected by TDU1 and TDU4, respectively, and Figs.
26 (a) and (b) show the zero mode current waveforms of

the fault TW detected by TDU1 and TDU4, respectively.

The shortest time tag delays for TDU1 and TDU?2 are
2 us and 1.8 ps, respectively. Therefore, the fault loca-
tion errors are about 300 m when using time tags of
TDU1 and TDU3, and 270 m for TDU2 and TDUS3. In
comparison, the shortest time tag delay for TDU4 is
only 0.8 ps, and the fault location error is about 120 m.

TABLE II
TRIGGER DELAY TIME OF THE FAULT TRAVELING WAVE FOR K2
Phase Zero mode  Aerial mode  Zero mode
current current voltage voltage
Therng 5 1A 1000 V 300V
TDU1 2 us 2.9 us X 2.7 ps
TDU2 X X X 1.8 s
TDU3 X X <<0.1 ps <<0.1 ps
TDU4 0.9 ps 1.0 ps 2.7 ps 0.8 ps

Note: X represents that the TWFL device cannot be triggered.
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Fig. 25. The phase current waveform of the fault TW. (a) The
fault TW detected by TDUL. (b)The fault TW detected by TDU4.
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TDU1-TDU4 are presented in Table III. The fault lo-
cation error is 330 m by TDU1 and TDU3, 270 m by
TDU1 and TDU2, and 90 m by TDU1 and TDU4.

TABLE III

TRIGGER DELAY TIME OF THE FAULT TRAVELING WAVE FOR K 1

Phase Zero mode  Aerial mode  Zero mode
current current voltage voltage
Triggerin
" rgefhol dg 5A 1A 1000 V 300V
TDU1 0.2 us 0.3 us X 0.6 ps
TDU2 X X 2.6 us 1.6 us
TDU3 X X 2.6 us 2.0 ps
TDU4 0.4 us 0.5 ps 4.0 ps 0.6 ps

Zero mode current (A)

—60F 0 1 2 3 % 5 6 78

Time (ps)
0 0.005 0.010 0.015 0.020 0.025 0.030 0.0350.040
Time (s)
(b)
Fig. 26. The zero mode current waveform of the fault TW. (a)
The fault TW detected by TDU1. (b) The fault TW detected by
TDUA4.

Figures 27 (a) and (b) show the zero mode voltage
waveforms of the fault TW detected by TDU2 and
TDU4, respectively.
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Fig. 27. The zero mode voltage waveform of the fault TW. (a)
The fault TW detected by TDU2. (b) The fault TW detected by
TDUA4.

Similarly, considering a fault at k1, which is 2 km
away from the bus, the TW time tag delay for

Note: X represents that the TWFL device cannot be triggered.

From the above simulation results, it can be seen that
by installing TDU4 in the middle of line, a fault location
error of less than 150 m can be ensured. The additional
installation helps to overcome the long time delay
caused by multiple branches and transformers, thereby
verifying the correctness of the proposed TDU de-
ployment principles.

C. Field Test

1) Test 1

According to the requirements of the National Key
R&D Program “Research on Key Technologies for
Smart Distribution Network Operation Based on Micro
Synchronized Phasor Measurement,” an embeddable
fault location unit compatible with PMU devices is
under development. This integrated unit will share
measurement signal channels, synchronization clocks,
power modules, and communication interfaces with
host PMUs to achieve cost reduction and facilitate
large-scale deployment.

In a practical implementation case, 14 PMU devices
have been installed on a 10 kV feeder line in a 35 kV
substation with arc suppression coil grounding system
located in China’s coastal region. Among these, 6
PMUs are equipped with integrated TWFL units (spe-
cific installation locations are shown in Fig. 28). All
device data is aggregated into the distribution automa-
tion master station, enabling comprehensive fault di-
agnosis and precise localization through the synergistic
use of synchronized phasor measurements from PMUs
and traveling wave detection data from TWFL units.

To comprehensively validate the functionality and
performance of the proposed fault diagnosis and local-
ization method, a controlled manual grounding fault test
was implemented at pole 4123 A on the distribution line.
A grounding ring was installed on phase C of the
overhead line segment, and a fixed downlead cross-arm
is mounted below the straight cross-arm on the pole.
The grounding fault test is completed using an electrical
operation switch. The developed software module is
tested through on-site witnessed trials, with the primary
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objective of verifying the fault diagnosis and localization
functionality as well as the fault location error metrics in
the demonstration project. For this test, a distribution
line with arc suppression coil grounding was selected,
and the test is carried out by artificially triggering a
grounding fault. A total of three test cases are conducted.
The evaluation criteria are: 1) For each fault, the system

110kV 10 k
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must correctly identify the faulted phase and locate the
fault section; 2) The TWFL module must trigger and
provide a fault distance measurement with an error of
less than 150 m; 3) The system successfully detects all
three fault tests, accurately identifies the faulted sec-
tions, and provides distance measurements.

A detailed condition is provided below.
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Fig. 28. The installation locations and distances of the fault location devices.

Figure 29 represents the TW arrival time for the first
solid grounding fault on phase C.
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Fig. 29. The first fault location result. (a) TDU3 measured

waveform. (b) TDU2 measured waveform
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The TWFL improved algorithm determines the initial
fault location with the following results: 204 m from
TDU3, 639 m from TDU2, and the measured fault lo-
cation error is 76 m.

Figure 30 gives the TW arrival time for the second

solid grounding fault on phase C.
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Fig. 30. The second fault location result. (a) TDU3 measured
waveform. (b) TDU2 measured waveform
The fault location results indicate: 159 m from TDU3,
684 m from TDU2, with a measurement error of 121 m.
Figure 31 shows the TW arrival time for the phase C
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high impedance grounding fault on a concrete surface
(with a measured transition resistance of 1580 obtained
on-site using a megohmmeter).
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Fig. 31. The third fault location result. (a) TDU3 measured
waveform. (b) TDU2 measured waveform

Fault location results: 157 m from TDU3, 686 m from
TDU2, positioning error 123 m.

The fault occurred between TDU2 and TDUS3.
Given that the cable section is shorter than 50 m, its

380 V/10 kV transformer g

impact on the overhead line can be neglected (the
analytical method follows the same principle as for
short branch lines), allowing this to be treated as a
pure overhead line segment. The fault propagation
path passes through one transformer when traveling
toward TDU3, and encounters one long branch line
when propagating toward TDU2. The time delay
caused by this configuration remains within the
permissible range of fault location accuracy. The
error in practical fault location measurements is
primarily caused by sampling rate and time synchro-
nization error, while variations in errors across dif-
ferent tests are also related to the fault resistance
present during each incident.

2) Test 2

The accuracy of the proposed fault location algorithm
is verified using actual waveform data from a 10 kV
test field. As shown in Fig. 32, the distribution system
features a hybrid topology comprising four cable lines
(Lines 1-4) and one double-circuit overhead line on
the same tower (Lines 5-6). During testing, Line 6 is
connected to the bus by closing its switch, while a 20 m
cable was used to series-connect Line 2 and Line 5. TW
measurement devices with 2 MHz sampling rate are
installed at key nodes of the overhead line. Through
artificial grounding tests simulating various fault
conditions (including neutral grounding mode varia-
tions and transition resistance adjustments), 42 sets of
valid faults traveling wave data are acquired.

é Fault location

Overhead line

Peterson coil Ungrounded _|

grounding é
v v

Fig. 32. The topology of 10 kV real test site.

The location results presented in Fig. 33 demon-
strate that all test cases achieve measurement errors
within 140 m, fully complying with the precision re-
quirements for TWFL.

Figures 34 and 35 present the analysis results of the
fault-phase current TWs under a solid grounding fault,
processed using wavelet transform and mathematical
morphology. The results demonstrate that the CODO
variation-based detection method can sensitively and
reliably identify the arrival time of the fault-induced
TWs.
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Fig. 33. The results of fault location.
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Fig. 34. Wavelet transform example of the test data.
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Fig. 35. The time detection of the test data.

VII. CONCLUSION

This paper studies the applicability and feasibility of
TWFL in MV distribution lines by analyzing the
propagation characteristics of TWs on overhead distri-
bution lines. The conclusions of the analysis are sum-
marized as follows.

1) Current TWs generated by faults in distribution
networks are much smaller compared to the rated load
current. It is thus difficult to balance between ensuring
higher fault detection sensitivity and avoiding frequent
false triggering when using aerial mode current TWs.
The effective fault location distance is less than 4 km
when using zero mode current TWs due to heavy
propagation losses in overhead distribution lines.

2) Branches in distribution lines will result in one
third attenuation to the amplitude of TWs. The number
of branches between two TWFL devices shall be no
more than 4 to ensure an adequate fault detection sen-
sitivity. Nevertheless, a branch lines shorter than 50 m
do not have substantial influence on the propagation of
TWs, and its impacts on TWFL can be neglected.

3) Distributed capacitances in distribution transform-
ers slow the rise of TWs. Accurate fault location be-
comes challenging if there are more than 4 transformers

between two TWFL devices owing to significant TW
rise time delays.

4) At substation buses, voltages produced by the ar-
rival of TWs are usually very weak which can result in
fault detection failure. It is also challenging to achieve
high detection sensitivity for fault location using current
signal. Therefore, further investigations for detecting
TWs arriving at buses are needed.

The applicability of TWFL to overhead distribution
lines is greatly compromised due to the effects of very
low fault current TWSs, higher propagation loss, out-
going cable feeders at buses, and the presence of mul-
tiple branches and transformers. The voltage signals are
preferred for detecting TWs, and the numbers of dis-
continuity points (such as branches, transformers) be-
tween two TWFL devices shall be no more than 4. When
discontinuity points exceed 4, accurate fault location
can be achieved through combined pre-fault/post-fault
signal segment curve fitting analysis and an integrated
wavelet-morphology processing methodology.

APPENDIX A

The structures of the 10 kV and 500 kV lines used for
the simulation are shown in Fig. Al and Fig. A2, re-
spectively. The parameters for the 10 kV line are as
follows: the wire type is specified as JKLYJ-185, with a
unit length resistance of 0.2422 Q/km and a soil resis-
tivity of 100 Q-m. The parameters for the 500 kV line
are as follows: the wire specification is LGJQ-300%*4,
with a 4-split configuration and a phase spacing of 0.45
meters. The direct current resistance is 0.108 (¥/km for
the wire and 0.374 Q/km for the ground wire. The soil
resistivity is recorded at 100 Qm .

Tg—o.s m—»ci;—o.s m—%

12m

Fig. A1. A 10 kV typical overhead distribution line’s tower
structure model.
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Fig. A2. A 500 kV typical overhead transmission line’s tower
structure model.
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APPENDIX B

The nameplate parameters of the tested transformer
are listed in Table BI.

TABLE BI
PARAMETERS OF THE TESTED TRANSFORMER
Value
800 kVA
10 kV+5%/400 V
Yyn
4.65%

Parameter

Rated capacity
Rated voltage
Connection mode
Short-circuit impedance
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